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The heating of a two-dimensional electron gas by an rf electric field generated by a surface acoustic 
wave, which can be described by an electron temperature T e , has been investigated. It is shown 
that the energy balance of the electron gas is determined by electron scattering by the piezoelectric 
potential of the acoustic phonons with T e determined from measurements at frequencies /= 30 and 
150 MHz. The experimental curves of the energy loss Q versus T e at different SAW frequencies 
depend on the value of u)f e , compared to 1, where r e is the relaxation time of the average electron 
energy. Theoretical calculations of the heating of a two-dimensional electron gas by the electric 
field of the surface acoustic wave are presented for the case of thermal electrons (AT <C T). The 
calculations show that for the same energy losses Q the degree of heating of the two-dimensional 
electrons (i.e., the ratio T e /T) for wf e > 1 (/= 150 MHz) is less than for ujf t < 1 (/=30 MHz). 
Experimental results confirming this calculation are presented. 
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I. INTRODUCTION 



The investigation of nonlinear (with respect to the in- 
put power) effects in the absorption of piezoelectrically 
active ultrasonic waves, arising due to the interaction of 
the waves with three- dimensional electron gas (in the 
case of Boltzmann statistics) , has shown that the mech- 
anisms of the nonlinearity depend on the state of the 
electrons. If electrons are free (delocalized), then the 
nonlinearity mechanism for moderately high sound in- 
tensities is usually due to the heating of the electrons in 
the electric field of an ultrasonic wave. The character 
of the heating depends on the quantity wt £ , where u> is 
the sound frequency, and r e is the energy relaxation time 
1^,1). If the electrons are localized, then the nonlinear- 
ity mechanism is due to the character of the localization 
(on an individual impurity or in the wells of a fluctuation 
potential). In g], it was shown that in the case where 
the electrons arc localized on individual impurities, the 
nonlinearity was determined by impurity breakdown in 
the electric field of the sound wave. When the electrons 
occupied the conduction band as a result of this effect, 
their temperature started to grow as a result of heating 
in the electric field of the wave Q| . 

The study of structures with a two-dimensional elec- 
tron gas (2DEG) opens up a unique possibility of study- 
ing in one series of measurements performed on the same 
sample the mechanisms of nonlinearity in delocalized and 
localized electron states, since under quantum Hall effect 
conditions both states are realized by varying the mag- 
netic field. The change in the absorption coefficient for 
a piezoelectrically active surface acoustic wave (SAW) 



interactimg with a 2DEG as a function of the SAW in- 
tensity in GaAs/AlGaAs structures was previously ob- 
served in j^] and [|| only in the magnetic field range cor- 
responding to small integer filling numbers-the quantum 
Hall effect regime, when the two-dimensional electrons 
are localized. The authors explained the data which they 
obtained by heating of a 2DEG. 

In the present paper we report some of our investiga- 
tions concerning nonlinear effects accompanying the in- 
teraction of delocalized two- dimensional electrons with 
the electric field of a SAW for the purpose of investigating 
nonlinearity mechanisms. 



II. EXPERIMENTAL PROCEDURE 

We investigated the absorption coefficient for a 30- 
210 MHz SAW in a two-dimensional electron gas in 
GaAs/Alo, 75GC10. 25^4s heterostructures as a function of 
the temperature in the range T ~ IA — 4.2K in the linear 
regime (the input power did not exceed 10 W) and the 
SAW power at T = 1.5K in magnetic fields up to 30 kOe. 
Samples studied previously in [Q with Hall density — 
6.7 • 10 n cTO" 2 and mobility \x H = 1.28 • 10 5 cm 2 /(Vs) at 
T=4.2 K were used for the investigations. The technol- 
ogy used to fabricate the heterostructures is described 
in H and the procedure for performing the sound ab- 
sorption experiment is described in |7j. Here we only 
note that the experimental structure with 2DEG was lo- 
cated on the surface of the piezodielectric (lithium nio- 
bate LiNbOz), along which the SAW propagates. The 
SAW was excited in a pulsed regime by sending radio 
pulses with filling frequency 30- 210 MHz from an rf oscil- 
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lator into the excited interdigital transducer. The pulse 
duration was of the order of 1/is is and the pulse repeti- 
tion frequency was equal to 50 Hz. In the present paper 
the SAW power is the power in a pulse. 

An ac electric field with the frequency of the SAW, 
which accompanies the deformation wave, penetrates into 
a channel containing two- dimensional electrons, giving 
rise to electrical currents and, correspondingly, Joule 
losses. As a result of this interaction, energy is absorbed 
from the wave. The SAW absorption in a magnetic field 
is measured in the experiment. Since the measured ab- 
sorption is determined by the conductivity of the 2DEG, 
quantization of the electronic spectrum, which leads to 
Shubnikov-de Haas oscillations, gives rise to oscillations 
in the SAW potential as well. 



III. EXPERIMENTAL RESULTS AND ANALYSIS 

Curves of the absorption coefficient T versus the mag- 
netic field H are presented in Fig.l for different temper- 
atures and powers of the 30-MHz SAW. Similar curves 
were also obtained for other SAW frequencies. The char- 
acter of the curves T{H) is analyzed in 0. The absorp- 
tion maxima T max as a function of the magnetic field 
for H < 25kOe are equally spaced as a function of 1/H, 
and the splitting of the maxima T(H) for H > 25 kOe 
into two peaks with the values of Tm at the maxima 1 is 
due to the relaxational character of the absorption. The 
temperature and SAW power dependences of T, shown 
in Figs. 2 and 3, were extracted from the experimental 
curves of the same type as in Fig.l for the correspond- 
ing frequencies in a magnetic field H < 25kOe for large 
filling numbers v = n s hc/2eH > 7. 

Figure 2 shows the temperature dependence of the 
quantity Ar = T max — T m i n measured in the linear 
regime at a frequency of 150 MHz in different magnetic 
fields. Here T max and T m i n are the values of T on the 
upper and lower lines, which envelop the oscillatory de- 
pendence T(H) for H < 25kOe. Figure 3 shows Ar ver- 
sus P-the power of the SAW (frequency 150 MHz) at the 
oscillator output at T=1.5K. We see from Figs. 2 and 3 
that Ar decreases with increasing temperature and with 
increasing SAW power. 



In [Q it was shown that in the range of magnetic fields 
where the quantum Hall effect is still not observed (in 
our case H < 25 kOe) the dissipative conductivities are 

a XX — a XXi 

where a^x ^ s the conductivity calculated from the 
measured dc resistivities p xx (H) and p xy (H), and u^x 
is the conductivity found from the absorption coefficient 
T(H) measured in the linear regime. This result gave 
us the basis for assuming that in this range of magnetic 
fields the electrons are in a delocalized state. As we have 
already indicated in the introduction, we shall analyze 
here nonlinearity only in this case. 

In a previous work j^] we showed that if the electrons 
are delocalized, then the characteristics of the 2DEG, 
such as the carrier density n s , the transport relaxation 
time r, and the quantum 2 relaxation time, can be deter- 
mined from the magnetic field dependences a^ x (H). In 
addition, the mobility \i = er/m and the concentration 
n s at H = are close to the values obtained from dc 
measurements: the Hall density and mobility of the elec- 
trons, as well as n s found from the Shubnikov-de Haas 
oscillations. For this reason, it was natural to assume 
that r depends on the SAW power, just as in the static 
case, because of the heating of the 2DEG but in the elec- 
tric field of the SAW. The heating of the 2DEG in a static 
electric field in similar heterostructures was investigated 
in pT[-p!5[. In those papers it was shown that at liquid- 
helium temperatures the electron energy relaxation pro- 
cesses are determined in a wide range of 2DEG densities 
by the piezoacoustic electron-phonon interaction under 
small-angle scattering and weak screening conditions. 

We shall employ, by analogy with 11 lj] , the concept 
of the temperature T e of two- dimensional electrons and 
determine it by comparing the curves of the absorption 
coefficient T versus the SAW power with the curves of 
r versus the lattice temperature T . Such a comparison 
makes it possible to establish a correspondence between 
the temperature of the two- dimensional electrons and 
the output power of the oscillator. The values of T e were 
extracted by two methods: 1) by comparing the curves 
of the amplitude of the oscillations Ar = T max — r m .;„ 
versus the temperature T (Fig. 2) and versus the power 
P (Fig. 3) for the same value of the magnetic field H; 2) 
by comparing curves of the ratios T max /TM = f(T) and 



1 In Q it is shown that the values of Tm do not depend on 
the conductivity of the 2DEG, and that they are determined, 
within the limits of the experimental error, only by the SAW 
characteristics and the gap between the sample and LiNbOs 

2 We take this term to mean the so called escape time to 
which is inversely proportional to the almost total scattering 
cross section In experiments on quantum oscillations 

it is defined as time to = h/2nT*, where T* is the Dingle 
temperature. 
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T max /TM — f(P) versus the lattice temperature T and 
the power P. Here the values of T max (T) and T max (P) 
were also taken for the same value of H, and Tm is the 
absorption at H=28 kOe (Fig. 1). The use of the ratios 
instead of the absolute values of T decreased the effect of 
the experimental variance in T on the error in determin- 
ing T e . As a result, the accuracy in determining T e by 
these two methods was no worse than 10%. 

To determine the absolute energy losses as a result of 
absorption of SAW in the case of interaction with elec- 
trons (Q), the following calculations must be performed. 
The intensity E of the electric field, in which the two- 
dimensional electrons of the heterostructure are located 
during the propagation of a SAW in a piezoelectric ma- 
terial placed at a distance a from a high-conductivity 
channel, is 



l-BI 



V 



bqexp(—2qa) 
1 + [{An(j xx /e s v)c\ 



:W, (1) 



where K 2 is the electromechanical coupling constant; 
v = 3.5 TO 5 cm/s and q are, respectively, the velocity and 
wave number of sound in LiNbO^; a is the width of the 
vacuum gap between the sample and the LiNbOs plate; 
eo, €i and e s are the permittivities of free space, LiNbOs, 
and the semiconductor with the 2DEG, respectively; and 
W is the input SAW power scaled to the width of the 
sound track. The functions b and c are 

b = {e+e+ - e^e" exp(-2ga))- 2 , 
c = 1(1 + & 1/2 [e+e s - - e~e+ exp(-2«o)]), 



ei + e ,ej 
= ei - e 0l e; 



- eo- 



The magnitude of the electric losses is defined as Q = 
a xx E 2 . Multiplying both sides of Eq.(l) by a xx , we ob- 
tain Q — 4WT/n, where T is the absorption measured 
in the experiment. The power W at the entrance to the 
sample is not measured very accurately in acoustic mea- 
surements. The problem is that this quantity is deter- 
mined by, first, the quality of the interdigital transduc- 
ers; second, by the losses associated with the mismatch 
of the line that feeds electric power into the transmitting 
transducer as well as the line that re moves electrical 
power from the detecting transducer, where the losses in 
the receiving and transmitting parts of the line may not 
be the same; and, third, by absorption of the SAW in 
the substrate, whose absolute magnitude is difficult to 
measure in our experiment. The effect of these losses 
de creases with frequency, so that in determining W at 
30 MHz we assumed that both the conversion losses for 
the transmitting and receiving transducers as well as the 
losses in th transmitting and receiving lines are identical. 
The total losses were found to be AP=16 dB, if SAW 
absorption in the heterostructure substrate is ignored. 



If it is assumed that nonlinear effects at 150 MHz start 
at the same value of Q as a 30 MHz, then the "thresh- 
old" value of Q at which the deviation of T max (Q)/T M 
at 30 MHz from a constant value be comes appreciable 
[we recall that T(H)/Tm ~ 1/<j xx (H) in the region of 
delocalized electronic states, i.e., H <25 kOe M] can be 
used to determine the total losses at 150 MHz. An esti- 
mate of the total losses by this method at 150 MHz give; 
AP=18 dB. Therefore, the power W at the entrance to 
the sample is determined by the output power P of the 
oscillator taking into account the total losses AP. 

With the results of [|ll"fft4[ in mind, we constructed the 
curves 

Q = Q/n s = /(T 3 -T 3 ), 

which correspond to the energy balance equation in the 
cast of the interaction of electrons with the piezoelectric 
potential of the acoustic phonons (PA scattering) under 
the condition of weak screening at frequencies of 30 and 
150 MHz in different magnetic fields 



) PA = e f iE 2 = A 3 {T?-T 3 ). 



(2) 



But since the condition for weak screening was not 
satisfied for this sample, the curves Q = f(Tj? —To), cor- 
responding to the energy balance equation in the case of 
PA scattering but with the condition of strong screening 
for the same frequencies 30 and 150 MHz and the same 
magnetic fields, were also constructed: 



Q 



PA 



T 5 ) 



(3) 



A least-squares analysis showed that the expression (3) 
gives a better description of the experimental curves. 
Figure 4 shows the experimental points and theoreti- 
cal curves of the expressions of the type (3) with A§ = 
3.0 ± 0.5eVy (s • K b ) and /=30 MHz, where / is the SAW 
frequency (see curve 1 in Fig. 4), and A§ = 4.0±0.6eV/(s- 
K 5 ) and /=150 MHz (see curve 2 in Fig. 4). 



IV. THEORY OF HEATING OF TWO- 
DIMENSIONAL ELECTRONS WITH CONTROL 
OF RELAXATION ON THE LATTICE BY 
ELECTRON-ELECTRON COLLISIONS 

To describe the heating of an electron gas by means 
of a temperature T e different from the lattice tempera- 
ture T, the electron-electron collisions must occur more 
often than collisions with the lattice; i.e., the condition 
T ee << T e , must be satisfied. Here r ee and t £ are, respec- 
tively, the electron energy relaxation time on phonons 
and the electron-electron (ee) interaction time. 

In a weakly disordered 2DEG in GaAs/AIGaAs hetero- 
structures, momentum is dissipated mainly on the 
Coulomb charge of the residual impurity near the inter- 
face. As a result, the relaxation times satisfy the inequal- 
ities 
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Tp < T ee < T e , 



(4) 



where t p is the electron momentum relaxation time. 



In the case of electron scattering by the deformation 
potential of acoustic phonons (DA scattering) the corre- 
sponding expression has the form 



A. Static regime 

When the inequalities (4) are satisfied, the nonequilib- 
rium part of the distribution function has the form 



f p = -eE • vr, 



dfo(e F 



(5) 



where E is the electric field, v is the electron velocity, 
/o(e P ) is the principal part of the distribution function 
of electrons with energy e p = p 2 /2m, where p and m 
are, respectively, the electron momentum and effective 
mass. Because of the rapid ee collisions, a Fermi distri- 
bution is established for fo(e p ), but the Fermi level 
and the temperature T e must be determined from the 
conservation equations for the electron density and aver- 
age energy, while the electron-phonon collisions give rise 
to energy transfer from the electrons to the lattice. 

The results of a calculation of the energy balance equa- 
tion in a 2DEG in the case of electron scattering by piezo- 
electric material and deformation potentials of the acous- 
tic phonons are presented in Jl^Jl^]. The numerical co- 
efficients in the relations, taken from []l6f and presented 
below, refer to a 2DEG on the (001) surface of GaAs if 
the following condition is satisfied: 



Q 2 = ™ , 02 = 12C(5), (9) 
k)/s 

where Iq = TrK i p/2m 3 E 2 , and E\ is the deformation 
potential. 

The relations (8) and (9) hold for small-angle scatter- 
ing when 



k B T < 2hk F s = k B T sma , 
and weak screening when 

k B T > 2hs t /a* B = k B T scr . 



(10) 



(11) 



In the case of strong screening, when an inequality op- 
posite to the (11) holds, 



kp < n/d, 



(6) 



k B T < 2hs t /a* B = k B T scr , 
for PA scattering fL6| . 

where e B = Ti 2 /2m(a* B ) 2 is the Bohr energy. 



(12) 



(13) 



where the electron localization width d in a quantum 
well can be estimated for a hetero junction by the relation 



(/ ^)4L]i/3 )iV * 



4'nN*- 



11 

N depl + 7^n s 



(J) 



Here Nd ep i is the density of the residual impurity near 
the heterojunction, and a* B = h 2 e s me 2 is the effective 
Bohr radius. 

In the case of weak screening, the intensity of the en- 
ergy losses due to PA scattering is determined by the 
expression Jl6| 



nkFSt 1 



1), 



2ms 2 ((3) 13 

-> °i — 



TQ 



2 16 1 



1 



13 v s ' J 



(8) 



where 1/tq = (ef3\4 : ) 2 'm/2Trph 2 s t , fin is the piezo- 
electric constant, p is the density of the semiconductor 
(in our case GaAs, s and s t = 0.59s are, respectively, 
the longitudinal and transverse sound speeds in GaAs, 
k F = (27m,) 1 / 2 is the wave number of an electron with 
Fermi energy tp, (,{x) is the Rlemann C(a;)-function, and 
k B is Boltzmann's constant. 



B. Heating of electrons by a surface acoustic wave 

When the relations (4) between the times are satis- 
fied, the nonequilibrium part of the distribution func- 
tion, which depends on the electron momentum, re- 
laxes rapidly and its current part, which is antisym- 
metric in the momentum, has the usual form (5) but 
E(x,t) = E cos(qx — ujt), where uj — 2nf. As a result, 
/o(e p ) is the Fermi function but the chemical potential 
ep{x,t) and temperature T(x,i) can be functions of the 
coordinates and time. These functions must also be de- 
termined from the conservation equations for the den- 
sity and average energy of the electrons. Slow electron- 
phonon (e — ph) collisions, which are responsible for en- 
ergy transfer from electrons to the lattice, appear only in 
the last equation and they fall out of the equation for the 
density, since the e — ph interaction preserves the total 
number of electrons. 

The main part of the chemical potential is given by the 
normalization condition for the total electron density, i.e., 
it is a constant. True, there are corrections, which are 
proportional to the amplitude of the wave, but the non- 
linear contribution from these corrections, scaled to the 
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main value of the chemical potential, is small and can be 
ignored. For this reason, we write only the equation for 
the change in the average energy 



TT 2 d{T 2 



e r at 



{q 2 D) 



;COS 2 (qx — tot) 
+Q(T e ) = 0, (14) 



where T e is the electron temperature, po is the two- 
dimensional density of states, a xx is the electric conduc- 
tivity, D is the diffusion coefficient, and Q(T e ) is the 
energy transferred to the lattice. The harmonic varia- 
tions of the chemical potential with wave number q and 
frequency to lead to a variation of the Joule heat source 
for the wave and to the appearance in it of the cofactor 



LU 2 + {q 2 D) 2 ' 

Since in the experiment q 2 D <C w (see 0), the spatial 
variation of the Joule heat source can be disregarded. For 
this reason, we also disregard the spatial variation of the 
temperature but allow for a variation of the temperature 
correction for the average energy in time. The quantity 
Q(T e ) depends on the e—ph interaction mechanism. For 
PA scattering Q(T e ) = n s QpA(T e ), where Qpa{T c ) are 
given by Eq. (8) or (13) and in a simplified form by the 
expression (2) or (3); n s = p^tF is the total density of 
the two-dimensional electrons. 

We shall examine first the condition for weak heating 



AT = T e - T < T. 



In this case 

3 AT AT 



3(T xx EqCos 2 (qx — cot) 
Tr 2 p Q T 



(15) 



(16) 



where for small-angle PA scattering under strong 
screening conditions 



- = - 2 e F A 5 T\ 



(17) 



and the coefficient A 5 is determined by Eq. written in 
the form (3). The equation (16) is easily solved. The tem- 
perature correction nonlinear in the electric field must be 
substituted into the expression for the electrical conduc- 
tivity and the latter into the expression for the damping 
coefficient T of the surface acoustic wave 



ST = T(W) -T = 



2n 2 p T 



■(1 



dT da x: 
da xx dT 
1/2 



1 + 4w 2 t; 



). 



(18) 



Here Tq = T(T) as W — > is the absorption in the lin- 
ear region at fixed lattice temperature T, and ST is the 
nonlinear correction to r(IT). The SAW electric field is 



expressed in terms of the input power W and the absorp- 
tion r is expressed as a xx El = 4rVT It follows from the 
expression (18) that when ut £ > 1 and Eq. (15) holds, 
the second harmonic in the heating function decreases 
rapidly as a result of oscillations in time, and the heating 
is determined by the average power of the wave. This 
last assertion is also valid for the case of strong heating. 
The quasistatic balance condition holds in this case: 



A 5 (T e 5 -T 5 ) = a xx E 2 /2n s 



(19) 



The temperature T e found from the relation (19) de- 
termines the electrical conductivity and the absorption 
of the SAW. For strong heating, the difficulty of solving 
the nonlinear equation (14) analytically makes it impos- 
sible to obtain simple formulas for an arbitrary value of 
the parameter wt ( . 

For uiT e <C 1, the heating of the 2DEG is completely 
determined not by the average power but by the instan- 
taneously varying field of the wave. As a result, in the 
case of slight heating, we see an increase in the degree of 
heating of the 2DEG [see the cofactor in parentheses in 
the expression (18) for cjt £ — > 0]. For lot € — > the fol- 
lowing expression can be written out, assuming the time 
derivative in the relation (16) to be a small term. For 
the PA interaction under strong screening conditions 



T e (x,t) = [T 5 



a xx E 2 cos 2 (qx - ut) 1/5 
A 5 n s 



This expression must be substituted into the tempera- 
ture dependent part of the electric conductivity, which in 
a strong magnetic field is determined by the expression 
for the Shubnikov oscillations 



Acr xx 



C 



2TT 2 T e (x i t)/TlUJ c 

sinh[2Tr 2 T e (x, t)/fud c 



tCos( 



2tt€ F s 



where C is a slowly varying function of temperature 
and magnetic field, and uj c is the cyclotron frequency. 
In this case, only the part of the current corresponding 
to the first harmonic in the 2DEG layer participates in 
the absorption of the SAW. The effective temperature 
appearing in the expression for T(W / ) is also determined 
correspondingly : 



sinh(27r 2 T e /^w c ) 



dip 



(cos 2 <p) 



[T 5 + (a xx E 2 /A 5 n s ) cos 2 y] 1 / 5 
X sinh[(27r 2 /^ c )[T5 + (a xx E 2 /A 5 n s ) cos 2 ^]V5] ' 

This expression is quite difficult to use in the case of 
strong heating. 
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C. Determination of the relaxation times 

IV.C.l. Electron- electron interaction time r ee . In the 
theoretical studies |l^,|ll| it was shown that the quasi- 
particlc lifetime in a 2DEG under conditions of large mo- 
mentum transfers is determined by the quantity 



H 7T 2 T 2 £F0 
— t-t = m ,Jrr 



max{T,h/T p ), (20) 



(v) 

where cfo is the Fermi energy at T = 0, and Tee IS 
called the "pure" electron-electron (ee) interaction time. 

As the temperature is lowered, the so-called " dirty" or 
"Nyquist" time with small momentum transfer (in 
the process of electron diffusion) Aq w 1/£t, ( p(| and 
Hi) where L T = {Dh/ksT) 1 / 2 is the diffusion length 
over time ksT/h, often called the coherence length, plays 
an increasingly larger role in the ee interaction as the de- 
gree of disordering of the 2DEG increases. The ee colli- 
sion frequency is determined by the quantity 



TR a e 2 



ln( 



2e 2 R n 



), 



(21) 



where Rn = 1 /o~ xx is the resistance of the film per unit 
area. 

IV. C. 2. Relaxation time f e of the average electron en- 
ergy. If the heating of the 2DEG is characterized by an 
electron temperature T e , then the energy losses Q (per 
electron) can be written in the form (lQl 



= [e(T e )-e(T)]/7 



(22) 



where e(T e ) and e(T) are the average electron energy 
at T e and T, respectively, and f e is the energy relaxation 
time. The change in the average kinetic energy of a two- 
dimensional electron with tp <C feT is 

Ae = e(Te) - e(T) = ^ ^t^l | AT<<T 

ir 2 kl TAT , s 
= (23) 

The latter equality in Eq. (23) corresponds to the con- 
dition of weak heating (15). If a dependence Q(T e ,T) of 
the type (2) or (3) can be represented in an expansion in 
AT jT as 

Q(T, AT) = jAjT^AT, 

where 7 is the exponent of T e and T in the expression 
the following expression (2) or (3), then we obtain the 
following expression for f e : 



Te |AT«T = 



n 2 k% 



3-fA^poT^ 



(24) 



For the case (3), i.e., 7 = 5, we obtain the expression 
(17) for 1/fe = l/r 6 . 



DISCUSSION OF THE EXPERIMENTAL 
RESULTS 



Let us examine the condition of applicability of the 
heating theories presented in the preceding section to our 
results. The typical values of the residual impurity den- 
sity Ndepi in the region of the 2DEG for our heterostruc- 
tures is of the order of 10 10 cm -2 . Therefore N^epi <C n s . 



For the parameters of GaAs m 
e s = 12.8, and Bohr radius a* B 
Eq. (7) 



0.07mo, permittivity 
97 'A, we obtain from 



d = 85A,dk F /7r ^ 0.3 < 1 

In other words, the condition (6) is satisfied. 

The momentum relaxation time for the experimen- 
tal sample was estimated from the Hall mobility r p ~ 
/xjym/e, it is r p = 5.1 • 10 _12 s. 

It was shown experimentally in [ p3| that at liquid- 
helium temperatures and low 2DEG mobilities the ee 
interaction with small momentum transfer (21) predom- 
inates in quantum wells at the GaAs/GaAlAs hetero- 
junction. For our structure, with R a = 73f2, h/rie — 
1.46 • 10 _2 T and varies in the range 



h/r, 



(JV) 



0.02 - 0.06/sT 



(25) 



for T= 1.5-4.2K. 

In the expression (20) we employed the value T m = T, 
since U/t p ~ 1 .5 AT < T. In the case €fo — 266K, for our 
sample fi/rit 1 in the same temperature range is 

h/r^ = 0.07 - OAK (26) 

The sum of the contributions (25) and (26) gives for 
the experimental sample 



1.5 • 10~ n s < T ee < 8.4- 10~ n i 



(27) 



in the interval T = 1.5 - 4.2K. 

To estimate the energy relaxation time f e (24) it is nec- 
essary to know the coefficient A 1 in relations of the type 
(2) or (3): 

Q = A 1 {T2-Ti). 

A calculation according to Eqs. (8), (9), and (13) 
gives for a 2DEG in our structure [fin = 0A2C/m 2 ( 
[24 1) and the same values of all other parameters as in 
[ 1 6 1 ] for small-angle scattering and weak screening, when 

T scr «T<T s; 



[see Eqs. (10), (11), (8), and (9)], 



Q 



PA 



Ida 



= 67.5[eV7( S .X 3 )](T e 3 
\Z.l[eVl(s-K%(Tl- 



- T 3 ) 
T 5 ), 



(28) 
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and in the case of strong scattering with T <c T scr -C 
T sma [see Eqs. (10), (12), and (13)] 



Q% r A = 16.2{eV/(s-K 5 )](T!-T% 



(29) 



As indicated in Ref. 16, PA scattering in the region of 
strong screening predominates with "certainty" over DA 
scattering. 

It should also be noted that for such a sample with 
n s = 6.75 • I0 u cm- 2 and /j, H = 1.5 • I0 5 cm/(V ■ s) in 
dc investigations (i.e., in the static regime) jll],[L4| a t 
T = 1.86K up to T e ~ AK the heating was described 
by a law of the type (2), which is valid for PA scat- 
tering, and under weak screening conditions the value 
A3 — 130eV/(s • K 3 ) was found for sample 1 from JlT| , 
which is higher than the value indicated for Qpa in Eq. 
(28) 3 . However, irrespective of the values of A 1 and 7 
which we used to estimate f e , on the basis of Eq. (24)-the 
theoretical values (28) and (29) or the experimental value 
A 3 = 130eV/(s ■ K 3 ) 7 = 3 - we obtained for the energy 
relaxation time estimates in the range f e = (2 — 50)10 -9 s. 

Comparing the values presented above for t p and r ee 
(27) and the range of values for f e , we see that the rela- 
tions (4) are satisfied. The concept of an electron temper- 
ature T e could therefore be introduced and the heating 
theories presented in Sec. IV could be used. 

Let us examine the estimates of the critical tempera- 
tures T sma (10) and T scr (12) at which the energy relax- 
ation mechanisms change in the case of the e — ph in- 
teraction. We determined these temperatures using the 
value s t = 3.03 • I0 5 cm/s (see |16 
above for aU . The results are 



and the value given 



9.5X and T Sl 



A.&K 



(30) 



Since the phonon temperature in our experiments T = 
1.55K, we have 



T <C T scr <C Ts', 



(31) 



Therefore, the inequalities (10) and (12) are satisfied 
in our experiment, though not as strongly, especially the 
inequality (12), as assumed in the theory of |ll| for ap- 
plication of the expression (13). 



Finally, observation of a law of the type (3) with 7 = 5 
(see Sec. Ill and Fig. 4) and the ratio (31) of the tempera- 
tures presented above allows us to assert that in the case 
of heating of two- dimensional electrons by the electric 
field of a SAW (/=30 and 150 MHz) the electron energy 
relaxation is determined by PA scattering with strong 
screening (13), which for the parameters employed by us 
gives the theoretical relation (29). 

At the same time, as noted above, in the investi- 
gation in the static regime [with phonon temperature 
T ~ IMK Jnf|]|, i.e. the inequalities (31) hold], the 
law (2) with 7 = 3 was observed, indicating that PA scat- 
tering dominates in the electron energy relaxation mech- 
anisms in the case of weak screening (8). Besides the in- 
dicated discrepancy between the results of investigations 
of the heating of a 2DEG in high- frequency (rf) and dc 
electric fields, it should be noted that there is also a dis- 
crepancy in the experimental values A§ ~ 3eV/(s • K 5 ) 
at /=30MHz and values A 5 ~ 4eV7(s • K 5 ) at /=150 
MHz (see Sec. III). In addition, these values are not 
greater than (as the experimental value of A 1 is the 
static regime) but less than the theoretical value values 
A 5 ~ 3eV/(s ■ K 5 ) - Eq. (29), calculated according to the 
theory of Jl|. 

Since the calculations in |l6| were performed for a con- 
stant electric field, they obviously cannot explain the 
above-noted discrepancies, especially the difference in the 
functions Q(T e ) at different frequencies. Apparently, the 
difference is due to the different values of u>r e with re- 
spect to 1. Taking into consideration the approximate 
nature of the computed parameters and the uncertainty 
in the input power in our measurements, we took as the 
value of the energy relaxation time r € estimated from 
the theoretical value A$ ~ l6.2eV/(s ■ K b ) with 7 = 5 
(29), which gives in the case of a calculation based on 
Eq. (17) or (24) r e ~ 3.3 ■ 10" 9 s. At frequency / = 30 
MHz lot c ~ 0.6 < 1 and at / = 150MHz wr e ~ 3 > 1, 
which leads to a different heating for the same energy 
losses. In this connection, we attempted to study this 
question theoretically (see Sec. IV. B) and to compare the 
results obtained with experiment. As a result, we can 
demonstrate the validity of Eq. (18), obtained under the 



3 As V. Karpus has shown [Q, the experimental data of ]ll]] 
in the region T e 2> T fall well within the general picture of 
Q(T e ,T) (see Fig. 4 M ). It should be noted that the value 
/3i4 = 0.12C/m 2 ( Pjfl), which we used for calculation of Eqs. 
(28) and (29), corresponds to h\4 — 1.06 ■ 10 7 V/cm (in the 
notation of llGj] ) . For this reason, the theoretical value of Ay 
(7 =3 or 5) in 0,0, and Q for PA scattering (see, for 
example, a = I3, for the theoretical curve in Fig. 3 from @) 
is 1.3 times higher than the corresponding values for Qpa 
presented in the relations (28) and (29), for similar values of 
n 3 
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assumption of weak heating, AT -C T. We present in the 
inset in Fig. 4 the experimental values of the difference 
ST = T(W) — T as a function of Q for two frequencies, 
30 and 150 MHz, in a field H = 15.5 kOe. We see from 
the figure that in accordance with Eq. (18), these depen- 
dences are linear and for the same energy losses Q the 
quantity ffi (/=30 MHz) is greater than <5r 2 (/ 2 =150 
MHz), the ratio 5Ti/ST2 is equal, to within 10%, to the 
theoretical value 

(1 + TT& l/ < 1 + TTl|? ) 

with u>i^2 = 277/1,2- A similar result was also obtained 
for STi/ST 2 in the magnetic field H = 14.1 kOe. There- 
fore, experiment confirms the theoretical conclusion that 
for AT <C T the energy losses depend on u>T e . 

It should be noted that in determining Q at / =150 
MHz it was assumed that <5[r(VF)/r M ] is frequency- in- 
dependent (see Sec. Ill), which is at variance with the 
result presented above. However, Q and ST are so small 
at the onset of the nonlinear effects that their differences 
at different frequencies fall within the limits of error of 
our measurements. 

As one can see from the theory (see Sec. IV. B), an 
analytical expression could not be obtained in the case 
of strong heating of a 2DEG in an rf electric field of a 
SAW, but it can be assumed that, by analogy with the 
case of weak heating, the difference in the coefficients A$ 
remains also in the case of heating up to T ~ 4. 

A more accurate numerical development of the theory 
of heating of a 2DEG for arbitrary values of wr f from 
u> = up to tJT e 3> 1, including in the transitional regions 
T ~ T scr and T ~ T sma , could explain the discrepancy 
in the experimental results obtained in constant and rf 
electric fields with the same direction of the inequalities 
(31). 

VI. CONCLUSIONS 

In our study we observed heating of a 2DEG by a rf 
electric field generated by a surface acoustic wave (SAW). 
The heating could be described by an electron tempera- 
ture T e , exceeding the lattice temperature T. 

It was shown that the experimental dependences of the 
energy losses Q on T e at different SAW frequencies de- 
pend on the value of LOT e with respect to 1, where r e 
is the energy relaxation time of two-dimensional elec- 
trons. Theoretical calculations of the heating of a two- 
dimensional electron gas by the electric field of a SAW 
were presented for the case of warm electrons (AT <C 
T). The results showed that for the same energy losses 
Q the degree of heating (i.e. the ratio T e /T) with 
Lur e > 1(/=150 MHz) is less than with ujt, < 1 (/=30 
MHz). Experimental results confirming this calculation 
were presented. 



It was shown that the electron energy relaxation time 
r e - is determined by energy dissipation in the piezoelec- 
tric potential of the acoustic phonons under conditions 
of strong screening for the SAW frequencies employed in 
the experiment. 
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Figure 1 



FIG. 1. Absorption coefficient Y versus magnetic field H at frequency /=30 MHz at temperatures T,K: a-4.2, b-3.8, c-e-1.5 
and wave power at the oscillator output P, W: a-c-lO" 5 , d-10~ 4 e-10~ 3 . 
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Figure 2 



FIG. 2. Ar = Y max — T min versus temperature T in the linear regime at a frequency of 150 MHz in a magnetic field H, 
kOe: 1-17.5, 2-15.5, 3-14.1. 
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Figure 3 



FIG. 3. Ar = Y max — Y m in versus the power P at the oscillator output in the linear regime at a frequency of 150 MHz in 
a magnetic field H, kOe: 1-17.5,2-15.5, 3-14.1. 
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FIG. 4. Electron temperature T e versus the energy losses Q at SAW frequencies /, MHz: 1-150 and 2-30. Inset: 
<5r = r(T e ) - r (T) versus Q at SAW frequencies / MHz: 1-150, 2-30. 
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